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ABSTRACT: Highly concentrated stresses are imposed on mgtuwamcrete slab local anchorage zc
when post-tensioning (PT) load is applied. The prmonlinear phenomena of the concrete while hyayati
are the evolution of stiffness, the thermal strathe visco-elastic nature of the concrete andkangc Ther-
mal and visco-elastic effects are more pronounoezhily ages due to a higher rate of hydrationti@aand
the different phases present. The stresses asmbeidgth these effects may cause minor cracks ircrede,
even prior to the application of the PT load. Fridlement simulation of early-age concrete behaniopre-
sented representing about four days of concretagim a plywood box. The thermal evolution is dalied
using experimental data obtained for the same Results demonstrate that hydration reaction ancbvis
elastic effects can produce tensile stressestatatriimes when the PT load is being applied. Ehsetsesses
can have significant effects to the “spalling” sses when a concentrated load is applied to theret@nsec-
tion.

KEYWORDS: Anchorage zone, thermal stress, hydrataction, early-age concrete creep.

1 INTRODUCTION using a hydraulic ram, where the stress is deter-
mined from calibrated hydraulic pressure gauges
Post-tensioning of concrete slabs is a popular cor(FIB 2005). In this paper, the term ‘early-age’ is
struction method due to the many advantages it pratsed to describe concrete which is one week or less
vides. For instance, it allows faster constructionn age.
pace, larger clear spans, thinner concrete slalas, a
better flexibility in the spacing of columns. Large
open floor areas are therefore possible, and can
achieved at a reasonable cost. These factors, cof@oncrete at early ages is characterized by the fast
bined with the ease of access to such systems, hageolution of its mechanical properties. This is tue
made post-tensioning especially popular in the corthe chemical hydration reaction occurring between
struction of tall buildings. In order to achievetiep the Portland cement and the water. Rate of the exo-
mum construction speed and overall economy, ththermic reaction is higher during the first few day
floor construction cycle needs to be carefully opti It slows down after three to seven days although th
mized. As a part of this, it is important that post reaction continues well beyond 28 days.
tensioning of the slab is done as early as possible It is important to know the strength gain and re-
and according to the project time schedule, so thdated properties of concrete during the stages when
the slab has sufficient strength when the cycldssta the post-tensioning load is applied. Apart frormsta
over for the next floor above (Cross, 2007). dard testing of cylinders, maturity method is often
To control the internal concrete stresses due tased to estimate the strength gain of the in-stu ¢
shrinkage and volume changes, an initial 25% of therete. Maturity is a function of both age and tem-
total PT load is usually applied 24 hours after theperature (Neville 1996). Maturity and hydration
concrete pour (Cross 2007). The criterion for allow process are therefore highly dependent on the ambi-
ing this is that the concrete must have gained ant temperatures following the casting of the fresh
minimum compressive strength of 7MPa. When aoncrete. Accurate evaluation of the in-situ cotere
compressive strength of 22MPa is reached 3-7 daygtrength is critical in order to avoid risk of ckaty
later, the remaining post-tensioning of the slab caor local failure in the anchorage zone.
be carried out. The post-tensioning stress is aegpli
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Important factors that may contribute to crackingcrete is validated against experimental datas.tExis
and failure of the early-age concrete are the amibieing creep model, Double Power Law, is adopted to
conditions (e.g. temperature, humidity) and properinvestigate visco-elastic behavior. To investigate
ties such as creep and shrinkage. For a restrainedeep effects at early ages, a standard concréte cy
concrete element, creep can occur due to thermaider is considered. The model is simulating the hy
expansion and shrinkage. Creep is considered asdaation reaction and associated thermal strains wit
time dependent deformation of concrete due to thand without consideration of the creep at earlysage
imposed load. Immediate deformations due to ap-
plied load are referred to as the nominal elasti
strains (Neville 1996). This is not completely cor-
rect since there will always be some early creep, b
it is in practice good enough for most purposesElastic materials have the ability to fully regaie
Creep can then be taken as the increase in saainsinitial shape after being deformed. Concrete diyear
a function of time, after this point as shown inages cannot be assumed to be elastic. A viscdeelast
Fig.1. material exhibits both viscous and elastic characte
istics under deformation. While elastic deformasion
are always recoverable upon unloading, viscous de-

9.2 Notes on visco-elastic behavior of early age
concrete

formations are never recoverable (Neville 1996).
“Eglena Mrotal the magnitude of the applied load is close to the
c —}[-Basicp creep concrete strength, this would not be the case due t
K @ creep cracking and plastic deformations.
@ I @ Shrinkage
-+ 1.3 Double Power Law
Nominal
elastic The Double Power Law is the simplified version of
v strain
ty a creep model developed by Baant & Panula

, _ o , (1978). This is a widely used model for long-term
Figure 1: Time-dependent strains in concrete stijeto ex- creep The model has been modified by Atrushi
ternal loading over a time [After Neville (1996)] (2003) to incorporate the visco-elasticity behaviou
observed in early-age creep. This modified version

Additionally, there will also be time-dependent f the Double Power Law is of interest to the cur-

shrinkage, unaffected of whether the concrete irent stud
loaded or not. Shrinkage is a result of chemical an Earl g'e combressive and tensile creep of con-
physical changes in the concrete volume during the ﬁ/ gb npress db hi P :
hydration process. It can be divided into plasticcr:ete %S.f. t(ajen |nvbe|st|gate y Atrushi (2003) using
shrinkage and drying shrinkage. Plastic shrinkagé © mlol |t|)e Double Power Law ((jDPL)Z EX%;”'
occurs while the concrete is in the plastic phaser.nenta a ﬁratory test? were cafrrle out in oroer t
Drying shrinkage is mostly affected by environ- Measure the creep of a set of specimens ranging

menta condiions such a5 wind speed, temperatu T L0 ® S5 1) 40°. The suane wers fhen plo
and relative humidity. As shown in Fig. 1, there ar d y

two types of creep which can make up the tota"mated by the DPL. For the COMPressive creep,
creep, depending on the moisture content of the ensry good agreement between the two estimates was

vironment. If there is no moisture movement be-‘eStab“Shed (Fig. 3). The concrete mix, named

tween the concrete and the environment, it CarPe?nSeﬁSrétliS(‘) %fh(')gzosgneg%tgg_%gcrit?ir\:\gtehr govr\:]at?er's_
roughly be assumed that all creep is basic creeé y ycy P

even though this is also a simplification. 1\{I_ehstrength ?f 80tMPa. i function d
Current design regulations rely on the compres- 'b'e C{ﬁea. uncé lon, gr (ioer_lan_cel_ l,:ng.'on e

sive and tensile strength of the hydrating concretg®"PNg the time-dependent strains IS listed:

only to estimate the anchorage zone bearing capag; 3

ity. Early age effects are offset by a conservative t.r)=

design approach. Part of the research undertaken at

the University of Melbourne is to report on the Where:

thermal and creep effects on the local anchorage

zone failures. This paper presents the resulth@ft  J(t, ):  Compliance function

initial stage of the study. Thermal behavior of a : :

typical PTgconcrete mix ﬁ/ydrating in a plywood box E(): Young’s modulus at the age of load-

is presented. The temperature evolution of the coring

%[1+az"d(t— t)’] (1)
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,d, g Creep model parameters o LE
. . o (MFa) #=5.0,d=0.5
Age of concrete at time of loading in days 1

Experiment

t:  Age of concrete in days i

Atrushi (2003) determined creep parameters b

#=3.0,d=0.35
fitting the DPL curve defined by Eq. 1 to eachlod t 0
experimentally obtained creep curves in Fig. 3 A v

and B. The parameters were then optimised an 05
summarized into single values that best fittedhal
curves. This was done for both compressive and ter '3 % 100 %
sile creep curves. The values are shown in Table 1. time (h)
Fig. 4: Curve fitting to experimental stress depehent data
Table 1: Optimised values for DPL creep parameters [After de Borst & van den Boogaard (1994)]
d
Compressive creep 0.75 0.20 E)).21 Table 2: DPL creep material parameters
Tensile creep 0.33 0.27 0.56 D P
5.0 0.5 0.3
Fariaet al. (2006) presented a thermo-mechanical 3.0 0.35 03
model based on the framework of finite element 49 0.45 03
with a consideration of phenomena such as the heat 40 0.35 0.25

production due to cement hydration, evolving prop-

erties of concrete during hydration and early-age

creep. Behaviour of a slab restrained by the suppor2 PT CONCRETE STRENGTH AND

ing piles was successfully modelled. It was demon- MECHANICAL PROPERTIES

strated that by making a reasonable thermal and me-

chanical characterization of concrete, thermo-The concrete mix design used in the experiment is

mechanical model provides results that are wel corshown in Table 3. According to preliminary tests on

related to the in-situ measurements, namely the tenstandardized test cylinders cured in a 20°C lime

peratures and strains. saturated water bath, it can be assumed that the
Earlier, de Borst and van den Boogaard (1994) esompressive strengthf’¢ is in the order of 40 MPa

tablished the creep parameters using a curvedittin(Sofi et al2008).

approach. The DPL was fitted to a stress develop- Fig. 5 exhibits an example of the development of

ment curve depicted in Fig. 4. It was reported thathe mean compressive strengtonf over time for

the stress is developed due to temperature and higst specimens cured under isothermal conditions

dration effects. When the temperature increasegnd with a water-cement ratio of 0.5 (Sef al

there will be thermal dilations resulting in compre 2007)

sive stresses up to about 80hrs. It can be seén tha . _ . .

the measured maximum compressive stress tak able 3: Concrete mix for beam [After Sofi, Men@iBaweja

place slightly later than the DPL predicts. This is 2008)]

not of significant concern since it is the tenstiess ~ Mix Description Amount
which is critical for cracking (de Borst & van den pqjang cement content kgim®) 05
Boogaard 1994). The obtained values are SUMMi gy a5y content (kgm®) 35
rised in Table 2. Total Cementitious (kg/m®) 340
W/C Ratio 0.5
T(°C)50_ Water Reducer (ml/m?%) 1360
Accelerator mi'm?) 1360
40 point A ‘ Air Entraining Agent mlk/m?) 0
20 mm aggregate (kg/m?) 550
- 14 mm aggragate (kg/m®) 550
Washed Concrete Sand  (kg/m®) 770
point B Slump {mm} BO+15
-0 50 100 130 The compressive strength was determined follow-
time (h) ing Standard testing methods AS 1012.11. The

strength is mainly dependent on water-cement ratio,
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type of cement used, additives, and the conditodns the concrete pour, temperature sensors were placed

curing. in the beam. These were used to monitor the interna
temperature of the beam, to be able plot graphs of
40 - the temperature evolution during the first week of
. hydration. Similarly, the room temperature was
a 30 1 monitored to plot the ambient temperature.
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Figure.5: Mean compressive strength developmigpt [After < 'M'M'
Sofi et al (2008)] WNNNQ;
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=8 Figure 7: Finite element model of beam section
10 T T T
0 8 16 24 Node number 1469 shown in Fig. 8 represents the

Age (Days) approximate position of a chosen temperature sen-

sor set up in the beam. The sensor gives more-repre

Figure.6 Development of modulus of elasticity oge28-day ~ sentative temperature readings than other sensors

period [AfterSofi et al(2008)] mounted close to the surface as they may be heavily
o influenced by the surface convection of the cormcret

At early ages, the modulus of elasticit{f) ( beam. The finite element model has elements for
evolves in a similar manner as the compressivgotential flow analysis at all boundaries. These ar

strength (Fig. 6). The modulus of elasticity can benecessary in order to simulate the surface convec-
determined from compressive test specimens usingon for concrete to air and concrete to formwork.
a displacement gauge, or by measuring the dynamicor further details about the temperature validatio

modulus of elasticity using ultrasound (Jstergaaréind experimental data reference should be made to

2003). (Sofi et al 2007).

3 VALIDATION OF TEMPERATURE
EVOLUTION CURVE

In order to simulate creep in early-age concrete us
ing FEM program DIANA, it is necessary to simu-
late the temperature effects of hydration. DIANA - '
calculates a temperature evolution curve over a ch¢* b
sen time period, using a number of input paramete@jgure 8: Node representing temperature sensorindatiora-
for thermal properties of concrete. When this ha&®"y éxperiment

been determined, stresses and strains can also bei tead of ) tant bient t
simulated, based on the temperature graph. It is 'NSt€ad of assuming a constant ambient tempera-

therefore crucial for the accuracy of the laterepre UT€ for the finite element model, the recordedmoo

simulations that correct thermal properties of conl€Mperature from the experiment was used as input.
crete are applied. The temperature predicted is very similar to the ex

A finite element model of a beam section wagdP€rimental data, although the model predicts @fast
used to determine the thermal parameters for inpdrOP in temperature after the initial peak (Fig. By

in DIANA (Fig. 7). The model is based on an actual® a!”ging the ca_pacitance and surface convection,
concrete beam section that was experimentall .arl]nly the rr]lfaxmum thempﬁraturef \;1vas affectFed
tested (Sofiet al. 2007; Sofi,et al 2008). Prior to thout any effects on the shape of the curve. For

93



eJSE

International

Electronic Journal of Structural Engineering, 8)(B)

the value of thermal conductivity of concrete, veryparameters stated above. The difference observed at
different values have been suggested, in the rahge the start of the curves can be explained by the-amb
2-8 WmK (Dstergaard 2003). However, more recenent temperature in the laboratory which started at
research proposes that the thermal conductivity adibout 20°C. There were further uncertainties with
concrete decreases as the concrete matures (Gibb@gard to the specific heat capacity, which was sug
& Ballim 1998). The value depends on the moisturegested to rely on the concrete mix, moisture cdnten
content and temperature evolution, as well as thas well as the concrete temperature itself. Theeval
type of cement and aggregate of the concrete nix. has been taken as a constant in this study.

is therefore very difficult to achieve a perfectly

matching curve given the non-linearities in the ma-
terials properties and the ambient conditions at th

same time. In the current analysis, a linear r@tati
ship between the two values was applied to achieviermined using the beam model, the temperature
the best results. The simulation results plottedime-history shown in Fig. 11 is obtained for the

against the actual temperature measurements acglinder. The maximum temperature being reached

presented in Fig. 9.

Ambienttemperature
in concrete lab

Temperature sensor
readings (lab)

DIANAcurve 1

Temperature (°C)

B

15

Time (days)

35

3.1 Temperature evolution curve of typical cylinder
Applying the thermal and material parameters de-

at the centre of the cylinder is 29°C. Comparirig th

to the curve obtained for the beam model (Fig. 10),
the maximum temperature is 3-4 degrees less for the
cylinder, and the temperature falls much quicker.
This is reasonable As the cylinder will loose much
more heat to the surroundings because of the rela-
tively large surface area and small thickness com-
pared to the beam.
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Figure 9: Temperature evolution graph obtained fidIANA
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The thermal properties remained unchanged durin
the analyses. ‘DIANA curve 2’ shown in Fig.10 is
the temperature evolution based on this assumptio
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Figure 10: Temperature prediction by DIANA, ambi¢em-

peratures and lab readings

It':'igure 11: Temperature prediction by DIANA, ambidain-
Haeratures and lab readings

Figure 11 includes the temperature plot for two
different nodes. A slightly lower temperature can b
measured at node 33, located at the middle of the
surface as displayed in Fig. 12. It also shows the
temperature levels on the surface at the time when
the maximum temperature was reached, i.e. after 7
hours.

The difference in temperature between the points
demonstrates the correct heat flow characterisfics
the model and the fact that the surface elements
have correctly been attached to the solid elements.

3.2 Thermal stresses excluding creep effects

The graph presented in Fig. 12 shows the stress de-
velopment caused by heat production, with stress di

The results demonstrate that the model gives re#ection along the Z-axis (from top to bottom). How-
sonable temperature predictions, using the thermaver, the differences between the normal directions
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are negligible for a small element as the cylinderrameters , d and p were chosen based on the three
This would for instance be more significant for thereference papers described earlier (Atrushi 20@3; d
beam model used during the temperature curve valBorst & van den Boogaard 1994; Faria et al 2006).
dation. To obtain the stress evolution, a nonlineaFor the parameters d and p, respective values of
structural analysis was executed taking temperatui@35 and 0.30 were chosen, as these agreed well
(presented in Fig.11) into account No creep modelith all three authors, i.e., regardless of the ewix
was incorporated in this analysis, in order to wbta presented. A great deal of variability is obserued
a basis for later comparing with creep models. Athe literature when considering thevalue. Atrushi
heavy reliance on the temperature can be seen {(8003) suggested the values at 0.33 and 0.75. How-
that the curve shape is a mirror image of the temever, Atrushi based the parameters on creep defor-
perature evolution curve (Fig. 11). The negativamation curves due to applied loads, whilst the othe
values represent the compressive stress up togl daguthors were looking at thermal stresses, which
age. It is demonstrated that the peak compressitberefore may be more relevant for this study.dari
stress occur at the time when the temperaturet al (2006) stated anvalue of 2.26, and de Borst
reaches its maximum. & van den Boogaard (1994) different values from 3
to 5.
A parametric study of the-value is presented in
Figure 13. lower value of seems to yield higher
compressive stress and a delayed tensile stre&s at
days. As the value of parameter a increases, the oc
currence of the tensile stress happen at a mueh ear
lier date even with a reduced prediction of the €com
pressive stress.

Figure 11: Temperature distribution on surface glincer
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- / Figure 13: Stress evolution obtained from DIANAjngsthe
28 Double Power Law (DPL)
6 -3
" \ / Even though the compressive stress level reaches
- a seemingly inconsequential value of 0.5 to 1MPa,
4 this can add to the tensile and spalling stresses o
45 curring as a result of the PT load at the anchorage
Time (days) Zones.

Figure 12: Stress-time plot with creep excluded

To validate the stress-time plot a number of aS5 RELEVANCE TO THE POST-TENSIONING
sumptions are made. To verify the results presented oF cONCRETE SLABS

in Fig 12, heavy reliance is made on the work pre-

sented by Fariat al. (2006). As stated earlier, the post-tensioning load is iappl
at two stages. These correspond at times when the
concrete mix is experiencing hydration reaction and
4 STRESS PREDICTION BY DOUBLE POWER  pegqt development. To prevent unexpected failures at
LAW the local anchorage zones intrinsic stresses ssich a
thermal and time dependent visco-elastic effects

For the application of the DPL to the current stady neeq to be considered. The design methods for post-
number of assumptions are made. The material pa-
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tensioning in the current codes of practice rely ol2] AS 1012.9 (1999) Methods of testing concrete - rieitea-
material properties such as compressive and tensile :'0? Ofgfmdpregsxe ts”fngth of concrete speciméus;
strengths (see for e.g., AS3600) with only a mars, aran >tandard, Austraia.

. fé] AS 1012.17 (1997), Methods of testing concrete tebe
ginal factor of safety other early age effects. Tae mination of the static chord modulus of elasticityd Pois-

sults presented in this paper demonstrate thalldens  son’s ratio of concrete specimen, Committee BD-G¥.25-
stresses resulting from thermal and creep effets ¢ tralian Standards.

happen at critical times when the post-tensionirid] AS 3600, Concrete structures, Committee BD-002 trais
load is due to be applied (i.e., at 1-2 days) after lian Standards (2001).

t ber i t Th ¢ i thI]] Atrushi, DS 2003, 'Tensile and Compressive Creep of
concrete member IS cast. € current presentall Early Age Concrete: Testing and Modelling', Doctdhee-

relies on a cylinder model which does not represent sjs, The Norwegian University of Science and Tetbgy
the anchor zone stresses. However, the concrete 1&g-Ba ant, ZP & Panula, L 1978, 'Practical predictiointime
terial behavior and the imposed stresses are ex- dependent deformations of concrete’, Materials indc-
pected to be similar for a post-tensioned member, tures,vol. 11, no. 65, pp. 307-28.
Although the stress levels in the cylinder are ejuit’) Sg:sonor}egreair?ai‘, Pgi’lﬁ:oa”’ﬂzvlméggga ﬁiﬁg‘:"lfeg%?gﬁ
small, these are expected be somewhat amplified in cretes’, cement and Concrete Research, vol. 2%, mp.
the case of much larger members such as slabs. 1075-85.

[8] Cross, E 2007, 'Post-tensioning in building strresy

Concrete in Australia, vol. 33, no. 4, pp. 48-54.

9] de Borst, R & van den Boogaard, AH 1994, 'Finite-

6 CONCLUSIONS o) Element Modelling of Deformatign and Cracking inrlga

) . Age Concrete', ASCE Engineering Mechanics, vol.,120
Important properties of young hardening concrete no. 12, pp. 2519-34.

have been investigated using finite elements. Th&o]Faria, R, Azenha, M & Figueiras, JA 2006, 'Modeliof
obtained results correspond to findings in reldited concrete at early ages: Application to an exteynad-

erature, where pronounced effects on the stress de- ;gaié‘fzd 855'ab" Cement and Concrete Composites, 280l
velopment due to early-age creep were Observe[)gl]FlB - Féd. Int. du Béton 2005, Post-tensioning inil@&-

However, more tensile stress was expected t0 D€ jygs: Technical Report, CEB-FIP.

seen during the cooling phase. This may be ex2]Gibbon, GJ & Ballim, Y 1998, 'Determination of tteer-
plained by that the model is relatively small com- mal conductivity of concrete during the early stgé hy-
pared to a full-scale model of a slab section, and dration’, Magazine of Concrete Research, vol. 503npp.
therefore does not result in the same build-up %?]229'35'

. . Neville, AM 1996, Properties of Concrete, 4th amualf
stresses. Factors as mix design and strength pro edn, Wiley, Harlow, Essex.

ties of the concrete may also be of Signiﬁcance- 14]@stergaard, L 2003, 'Early-age fracture mechaniod a
The paper attempts to presents a discussion of the cracking of concrete', Ph.D. thesis, Technical Ersity of
early age creep effects on post-tensioning ancleora% ]Denmark-

5

zone relying on a concrete cylinder model. It fall§l5]19stergaard, L, Lange, DA, Altoubat, SA & Stang, 602,
‘Tensile basic creep of early-age concrete undastaat

short of presenting _stresses in the a(;tual_ anchor load', Cement and Concrete Research, vol. 31, Zopf.
zones of a post-tensioned member. This will form 15959
the basis of a follow up study. It is proposed thagie]sofi, M, Bawa, D, Mendis, PA & Mak, SL 2007, 'Behav
consideration of visoc-elastic effects is very impo  iour of Post-Tensioning Anchors In Early-Age Cortere
tant for app"cations such as transfer of post_ Slabs', Proceedings of theThe 23rd biennial contereof
i ; the Concrete Institute of Australia, Adelaide, AaBa.
tens_lonlng Igadst\ghere ?Itghly. Congentratgd Strei?? Sofi, M, Mendis, P & Baweja, D 2008, 'Behaviourpafst-
ar_e Imposed on the post-iensioned member seclion. tensioning anchorage zones in early age concreqgerk=
It is demonstrated that creep at early ages cahébe  mental Study', in Proceedings of the Australasianfer-
basis for intrinsic tensile stresses within the -con ence on Mechanics of Solids and Materials (ACMSM),
crete. Depending on the definition of the material University of Southern Queensland, Toowoomba, Auistr
parameters, the tensile stresses can be significhnSt]'Rlo DIANA BV 2008. DIANA User's M |- Rel
and happen at critical times when the post=>'g7 ’ sers Manual - kelease

. ) . 9.3.
tensioning load is applied. [19]Westman, G 1995, 'Basic creep and relaxation ohgou

concrete’, in R Springenschmid (ed.), Thermal Gragin
Concrete at Early Ages, Munich.
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